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Abstract
In this study, the early nephrotoxic potential of mercuric chloride (HgCl2) has been evaluated in vitro, by exposing a renal-
derived cell system, the tubular epithelial Madin–Darby canine kidney (MDCK) cell line, to the presence of increasing HgCl2 con-
centrations (0.1–100 mm) for diﬀerent periods of time (from 4 to 72 h). As possible biological markers of the tubular-speciﬁc toxicity
of HgCl2 in exposed-MDCK cultures we analysed: (i) critical biochemical parameters related to oxidative stress conditions and (ii)
gap-junctional function (GJIC). HgCl2 cytotoxicity was evaluated by cell-density assay. The biochemical analysis of the pro-oxidant
properties of the mercuric ion (Hg2+) was performed by evaluating the eﬀect of the metal salt on the antioxidant status of the MDCK
cells. The cell glutathione (GSH) content and the activity of glutathione peroxidase (Gpx) and catalase (Cat), two enzymes engaged in
the H2O2 degradation, were quantiﬁed. HgCl2 inﬂuence onMDCKGJICwas analysed by the microinjection/dye-transfer assay. HgCl2-
induced morphological changes in MDCK cells were also taken into account. Our results, proving that subcytotoxic (0.1–10 mm) HgCl2
concentrations aﬀect either the antioxidant defences ofMDCK cells or their GJIC, indicate these critical functions as suitable biological
targets of early mercury-induced tubular cell injury. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Mercury (Hg) is one of the most diﬀused and hazardous
organ-speciﬁc environmental contaminants (Agency for
Toxic Substance andDisease Registry, 1999). It exists in a
wide variety of physical and chemical forms, each with
unique characteristics of target organ toxicity. Exposure
to elemental Hg vapours (Hg0) and to organic mercurials
speciﬁcally aﬀects the CNS (Hua et al., 1995; Oyama et
al., 1998), while the kidney is the primary target organ
for inorganic Hg compounds (Tanaka et al., 1990; Zal-
ups and Lash, 1994). Moreover, the oxidation state of
the metal, in its diﬀerent forms, plays a dominant role in
the cellular transport, biological eﬀects and toxicity of
Hg (discussed by Divine et al., 1999). Among the inor-
ganic mercuric (Hg2+) salts, mercuric chloride (HgCl2)
has a typical nephrotoxic potential and it has been widely
used (either in vitro or in vivo) for investigating the
mechanisms of mercury-induced renal cell injury (see
Zalups, 2000, for an extensive review). Findings from
several studies suggest that direct/indirect mechanisms
may be involved in the pathogenesis of HgCl2 nephro-
toxic eﬀects: biochemical damage of mitochondrial func-
tions and calcium metabolism (Weinberg et al., 1982;
Ambudkar et al., 1988; Chavez and Holguin, 1988),
alterations of cytoskeleton integrity and cell membrane
arrangement (Morrison and Pascoe, 1986; Elliget et al.,
1991) were reported. Although signiﬁcant advances
have been made during the past decade, the molecular
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bases of the renal-speciﬁc Hg adverse eﬀect have not
been clariﬁed up to now. More recent evidence suggests
that the ability of mercuric ions (Hg2+) to interact with
the anionic form of proteins and glutathione sulfhydryl
groups (R-S) (Ballatori, 1991; Zalups, 2000) or to
generate oxygen radicals (Saraﬁan and Verity, 1991;
Lund et al., 1993; Nath et al., 1996) may play a major
role. Thus the need for mechanistic studies is important
in order to identify suitable biological markers for
selective toxicological evaluation of mercurials.
Our study has been focused on the evaluation of early
(and potentially reversible) nephrotoxic eﬀects of HgCl2
in a renal-derived in vitro system, the epithelial Madin–
Darby canine kidney (MDCK) cell line. Since tubular
epithelium represents the primary target of inorganic
mercurials, this cell line was particularly suitable to our
aim. This line has, in fact, well-known tubular diﬀer-
entiated properties, and for that reason it has been used
extensively as a valuable in vitro model for studying
tubular function and xenobiotic-induced nephrotoxicity
(including that due to heavy metals) (Bohets et al., 1995;
Prozialeck and Lamar, 1998).
As possible biological markers of the tubular-speciﬁc
toxicity of HgCl2 in exposedMDCK cultures we analysed:
(i) critical biochemical parameters related to oxidative
stress conditions and (ii) gap-junctional function.
Antioxidant systems protect the cells against the
adverse eﬀects of reactive oxygen species (ROS). When
these defences are depleted, cells are not eﬃciently pre-
served from oxidative damage (Valentine et al., 1998).
The biochemical analysis of the pro-oxidant properties
of Hg2+ was performed by evaluating the eﬀect of the
metal on the antioxidant status of MDCK cells. To this
aim, the eﬀect of HgCl2 treatment on: (a) the total
intracellular glutathione (GSH) content and (b) the
activity of glutathione peroxidase (Gpx) and catalase
(Cat) were quantiﬁed. GSH is, in fact, a non-protein
thiol, playing a central role in the antioxidant defences
of the cell, while Gpx and Cat are the two major
enzymes engaged in H2O2 degradation.
Gap junction-mediated intercellular communication
(GJIC) was chosen as a biological parameter in our
study, since its evaluation represents one of the most
promising and sensitive endpoints for the mechanistic
evaluation of organ-speciﬁc toxicity (Swierenga and
Yamasaki, 1992). GJIC is, in fact, a unique cell/tissue
speciﬁc cellular function, with an unquestioned role in
integrated regulation of growth, diﬀerentiation pro-
cesses and functions of multicellular organisms and in
tissue homeostatic control (Bruzzone et al., 1996). GJIC
has, moreover, been proved to be speciﬁcally aﬀected by
various toxicants, including heavy metals (Loch-Caruso
et al., 1991; Swierenga and Yamasaki, 1992), and via
alterations similar to those supposed to be responsible
for the cell-speciﬁc toxicity of mercuric ions (Saez et al.,
1993).
2. Materials and methods
2.1. Materials
Cell culture chemicals were obtained from Gibco
BRL (Life Technologies Italy s.r.l., Milan, Italy). Cell
culture ware was purchased from Becton Dickinson &
Co. (Franklin Lake, NJ, USA). Analytical grade purity
HgCl2 was obtained from Fluka (Milan, Italy). All
other reagents and standards (analytical grade purity)
were purchased from Sigma-Aldrich s.r.l. (Milan, Italy).
2.2. Cell culture
The Madin–Darby canine kidney (MDCK) cell line
was kindly provided by Dr Nadia Losio (Istituto Zoo-
proﬁlattico Sperimentale della Lombardia e dell’Emilia
Romagna, Brescia, Italy). MDCK cells were routinely
cultured in minimum essential medium (MEM) supple-
mented with 10% foetal bovine serum (FBS; Mascia Bru-
nelli SpA, Milan, Italy) and containing 2 mml-glutamine,
antibiotic–antimycotic cocktail solution (100 U/ml peni-
cillin, 100 mg/ml streptomycin, 0.25 mg/ml fungizone) and
1 mm sodium pyruvate (complete cell growth medium).
Cultures were maintained at 37 C in a 5% CO2 humidi-
ﬁed atmosphere. The medium was changed twice a week
and the conﬂuent monolayers were regularly subcultured
treating with 0.5% Trypsin–0.2% ethylenediaminete-
traacetic acid (EDTA) at 37 C for 15 min.
2.3. HgCl2 treatment and Hg
2+ quantiﬁcation
MDCK cell cultures in logarithmic growing phase were
exposed for diﬀerent periods of time (from 4 to 72 h) to
HgCl2, ranging from 0.1 to 100 mm concentration. The
inorganic salt was accurately dissolved in milli-Q water to
prepare a 100 mm stock solution; then, aliquots of this
stock solution were diluted in complete cell growth med-
ium, up to the ﬁnal HgCl2 concentration used for each
treatment. Complete solubilisation of the salt in the
culture media was veriﬁed by quantiﬁcation of mercuric
ions by Inductively Coupled Plasma–Mass Spectro-
metry (ICP–MS), using a Perkin Elmer ELAN 5000.
In order to avoid any possible interference due to the
release of metal ions (e.g. lead) from the glassware, all
the experimental procedures (preparation and stocking
of solutions, cell culturing, etc.) were performed by
using biologically inert plastic materials.
2.4. Cytotoxicity study: cell proliferation and cell
viability assays
For cell proliferation assay, 0.6106 cells were seeded
onto 100-mm plastic tissue culture plates. 24 h after the
plating, the growth medium was removed and MDCK
cells received freshly prepared media containing HgCl2
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ranging from 0.1 to 100 mm concentration. After 4, 24, 48
or 72 h of exposure to the mercuric salt, monolayer cul-
tures were treated with Trypsin–EDTA solution and cell
number determined using an hemocytometer. Cell viabi-
lity was assessed, in the same experimental conditions, by
using the Vybrant Apoptosis Assay kit #2 (Molecular
Probes Incorporation, Eugene, OR, USA), followed by
ﬂow cytometric analysis (FACSTAR, Becton-Dickinson).
2.5. Determination of total glutathione content in
MDCK cells
MDCK cells in logarithmic growing phase (see cell
proliferation assay) were exposed for 24, 48 or 72 h to
increasing concentrations (0.1–50 mm) of HgCl2. Total
intracellular glutathione (reduced glutathione and its
oxidised forms) (GSH) was quantiﬁed in the acid frac-
tion of cell extracts by the enzymatic method of Ander-
son (1985). Brieﬂy, monolayers of HgCl2-treated and
untreated cells (used as controls) were rinsed twice with
cold phosphate buﬀered saline and then deproteinised
with aliquots of cold sulfosalicylic acid (5%, w/v) solu-
tion, in order to obtain the same ratio volume/cell
number for each sample. After 20 min at 4 C, cells were
harvested by scraping and the extracts centrifuged at
10,000 g for 15 min. The supernatants (acid fraction)
were immediately analysed by a Jasco V-530 spectro-
photometer (Cremella, LC, Italy). The intracellular
amount of GSH was expressed as nmol/106 cells, using a
GSH standard calibration curve. Two single determina-
tions of each sample were executed.
2.6. Enzymatic assays (glutathione peroxidase and
catalase)
The activity of the antioxidant enzymes glutathione
peroxidase (Gpx) and catalase (Cat) was determined in
MDCK cell homogenates after exposure to increasing
HgCl2 concentrations (0.1–50 mm) for diﬀerent periods of
time (4, 24, 48 or 72 h). All steps were performed at 4 C.
The growth media were withdrawn and, after extensive
washing, cells were harvested by scraping and then
homogenised by pipetting in the speciﬁc enzyme assay
buﬀer. Cell homogenates were then centrifuged at 10,000
g for 15 min and the supernatants employed for the
quantiﬁcation of total protein content and for measuring
the enzymatic activities.
Gpx activity was evaluated, at 30 C, by the colori-
metric BIOXYTECH GPx-340TM assay system (OXIS
International, Inc., Portland, OR, USA) following
NADPH oxidation at 340 nm in 50 mm Tris–HCl buﬀer
(pH 7.6) containing 5 mm EDTA and 1 mm 2-mercap-
toethanol. The enzyme speciﬁc activity was expressed as
nmol/min/mg of protein.
Cat activity was determined by measuring the
decrease in absorption at 240 nm wavelength in 50 mm
Na/K phosphate buﬀer (pH 7.0), 1% Triton X-100 and
10 mm H2O2 (Aebi, 1984). The pseudo-ﬁrst order reac-
tion constant (k) of the decrease in H2O2 absorption/s at
25 C was determined and the enzyme speciﬁc activity
was expressed as k/mg of proteins.
Protein content was estimated according to Bradford
(1976) using the Coomassie Protein Assay reagent
(Pierce, Rockford, IL, USA) and bovine serum albumin
as standard.
2.7. Inﬂuence of HgCl2 on the GJIC capacity and
morphology of MDCK cells
MDCK cells were tested for their capacity to establish
functional gap junctions (gjs) by the use of the micro-
injection/dye-transfer assay (Mazzoleni et al., 1994).
For reproducing the same cell density conditions used in
all the other experimental procedures, 2.0105 MDCK
cells were seeded onto 60-mm petri dishes. 24 h after
plating, cell cultures were exposed for 4 h (dye-transfer
assay) or for 24–72 h (morphological study) to increas-
ing concentrations of HgCl2 (0.1–50 mm). For the dye-
transfer assay, single cells within the monolayers (three
separate dishes/experimental point) were microinjected
with a 10% (w/v) solution of the gap-junction permeant
ﬂuorescent tracer Lucifer Yellow CH in 0.33 m lithium
chloride. Microinjections were performed by glass
capillary needles (Clark Electromedical Instruments,
Edenbridge, UK) prepared with an automatic puller
(Narishige, Tokyo, Japan) and driven by a Narishige
micromanipulator (SYF II) linked to an Olympus IMT2
ﬂuorescence microscope. The ﬂuorescent dye was injec-
ted into single cells under nitrogen pressure using an
Eppendorf microinjector (Hamburg, Germany). Five
minutes after the last injection, the cells were ﬁxed with
4% paraformaldehyde in PBS and their dye-transfer
capacity was evaluated. The extent of the gap junction-
mediated intercellular communication (GJIC) was then
quantiﬁed by counting the number of ﬂuorescent cells
surrounding the microinjected ones (no. of dye-coupled
cells/injection). For the precise quantiﬁcation of the
GJIC competence of the cultures, at least 25 indepen-
dent microinjection trials/dish were taken into account.
Fluorescence and phase-contrast images of untreated
and HgCl2-treated monolayers were analysed by an
Axiovert S100 inverted microscope (Zeiss, Milan, Italy)
equipped with a Semican 12-bit cooled imaging camera
(PCO-CDD Imaging). Microscopic images were cap-
tured with Image ProPlus software (4.0 for Windows)
(Media Cybernetics, Silver Spring, MD, USA).
2.8. Statistics
Statistical analysis was applied to the results obtained
in the study of the biochemical parameters related to
oxidative stress conditions (GSH, Gpx and Cat activity).
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Data, normalised as percentage of control values, were
transformed into their logarithmic (log) values before
statistical analysis. To multiple means was applied the
analysis of variance followed by Fisher’s protected least
signiﬁcant diﬀerence test. Statements of signiﬁcance (in
the text) were based on a p value less than 0.05.
3. Results
3.1. Hg2+ quantiﬁcation in complete media solutions
In order to precisely deﬁne our experimental conditions
(HgCl2 solubility and Hg
2+ bioavailability), the quantiﬁ-
cation of Hg2+ in the complete culture media used for
each treatment has been performed. The ICP–MS analysis
of HgCl2-containing media (0.1–50 mm) demonstrated a
good relation between the expected theoretical Hg2+
concentration and the real concentration of the dissolved
(bioavailable) mercuric ion, the mean value (S.D.) of
the ratio of real vs theoretical Hg2+ concentration
resulting equal to 1.100.14.
3.2. Eﬀects of HgCl2 on MDCK cell viability,
proliferation and morphology
The direct HgCl2 inﬂuence on MDCK cell viability
and growth rate was assessed as described above. Cell
proliferation assay was preferred to others (MTT and
NR tests) since, in our hands, it was demonstrated to be
the most sensitive and reproducible. For example, while
in the case of 72 h treatment with 50 mm HgCl2 cell
proliferation assay showed a signiﬁcant toxic eﬀect of
the mercuric salt (65% reduction of MDCK cell density
in respect to untreated controls), in the same experi-
mental conditions the toxic eﬀect measured by MTT and
NR assays was respectively 2.6 and 4.0 times lower. Cell
cultures in logarithmic growing phase were exposed up
to 72 h to HgCl2 at concentrations ranging from 0.1 to
100 mm. The mercuric salt was found to aﬀect MDCK
cell density by two diﬀerent ways: (i) a direct action on
cellular viability and (ii) an inﬂuence on MDCK cell
growth rate. Both eﬀects were dose and time related. At
100 mm concentration, HgCl2 caused cell death (cyto-
toxic eﬀect): no viable cells were, in fact, detected
already after a 24 h exposure to the salt. Administered
at concentrations of up to 50 mm, HgCl2 reduced
MDCK cell density in respect to untreated controls in a
dose- and time-related manner (Fig. 1). The HgCl2
eﬀect on MDCK cell density (decrease) was maximal
already after 24 h from the beginning of the treatments:
from 90% (0.1 mm) to 20% (50 mm) in respect to control
values and it did not change signiﬁcantly during the
following 48 h, as expressed by the IC50 values (34, 33
and 31 mm at respectively 24, 48 and 72 h from the
beginning of the treatment).
Fig. 2 shows how, independently from the duration of
each treatment, the dose-dependent inhibitory eﬀect of
HgCl2 on MDCK growth rate was quite similar for
HgCl2 concentrations up to 10 mm (linear behaviour),
while for HgCl2 concentrations greater than 10 mm this
inhibitory eﬀect was increasingly greater, also in relation
to the treatment length (exponential behaviour).
‘‘Vybrant’’ assay substantially conﬁrmed the results
obtained by the proliferation assay. No diﬀerences in cell
viability were, in fact, found comparing HgCl2-treated (up
to 30 mm) and untreatedMDCK cells. On that basis, 10 mm
was considered, in our conditions, the highest non-cyto-
toxic concentration of mercuric chloride; this was taken
into account for the following experimental procedures.
The morphological analysis (light microscopy)
showed that, even at non-cytotoxic concentrations (up
to 10 mm), HgCl2 induced relevant morphological
alterations in MDCK-treated cells (Plate 1). This eﬀect
was also dose and time related, being more pronounced
for the highest HgCl2 concentrations and for the most
prolonged treatments. Exposed to the mercuric salt,
MDCK cells progressively lose their characteristic and
Fig. 1. Time-dependent eﬀect of diﬀerent HgCl2 concentrations on
MDCK cell growth rate. Cell density was evaluated after exposing the
cells to increasing concentrations of the mercuric salt for 24, 48 or 72
h. Values (meansS.E.M.) are representative of data obtained in
seven independent experiments, each performed in triplicate (n=21).
Fig. 2. Dose-dependent eﬀect of HgCl2 on MDCK growth rate in
respect to the treatment length. Growth rate values, expressed as per-
centage of those of untreated cells, are plotted against the Log-nano-
molar concentrations of the mercuric salt, and represent the
meansS.E.M. of 21 independent determinations.
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regular epithelial shape, becoming more voluminous
and heterogeneous in their dimension. The presence of
diﬀerently sized intra-cytoplasmic vesicles (the number
and dimension of which were related to the mercuric
salt concentration and/or to the length of the treatment)
was also a peculiar aspect of treated cells. Interestingly,
the presence of such intracellular vesicles was also cou-
pled to the presence of a sort of extracellular deposit, as if
the metal should induce an increased excretory activity in
this cell line (discussed later).
3.3. HgCl2 inﬂuence of the anti-oxidant status of
MDCK cells
3.3.1. Total cellular glutathione
As shown in Fig. 3, the total GSH content of
untreated MDCK cells varied as a function of cell
growth rate; it was maximum after cell seeding and
during the ﬁrst 24 h of culture (latency phase of
growth), then it decreased, reaching the minimum value
(more than four times less) on day 3 of culture. Then,
on day 4 of culture, the total GSH cell content started
to increase again.
As illustrated in Fig. 4, the GSH content of MDCK
cells treated for 48 and 72 h with 0.1 and 3 mm HgCl2
slightly increased (about 20%) in respect to control
values, while, in cells exposed to the mercuric salt at 10
mm concentration, that increase was signiﬁcantly higher
and already evident starting from the ﬁrst 24 h from the
beginning of the treatment. In this case, the quantity of
cellular GSH reached its maximal value (200% increase
in respect to untreated controls) after a 48 h of treatment.
The GSH amount detected in extracts of 30 mm HgCl2-
treated cells was lower (or similar) to that obtained in the
untreated controls. This last result should be considered
cautiously, since we observed that the determination of
Plate 1. Inﬂuence of HgCl2 on MDCK cell morphology. Phase-contrast microscopic images were taken on MCDK cells grown for 48 h in the
presence of 10% FBS–MEM (A) or in FBS–MEM medium supplemented with increasing, non-cytotoxic HgCl2 concentrations (B, C, D). Bars=25
mm. Note the morphological changes of HgCl2-exposed MDCK cells and the progressive (B–D) appearance of intracellular vesicles.
Fig. 3. Total GSH content of untreated MDCK cells in growing
phase. The time course of the GSH amount (nmol/106 cells) is related
to the variations density of cell (cell number/dish). Values represent
the meansS.E.M of ﬁve diﬀerent experiments where the GSH deter-
minations were performed in duplicate (n=10).
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total cell GSH was inﬂuenced by the presence of high
intracellular Hg2+ concentrations.
3.3.2. Glutathione peroxidase and catalase activity
Results in Fig. 5(a) show a progressive and signiﬁcant
decrease of Gpx activity when MDCK cells were
exposed to the mercurial salt. This inhibitory eﬀect,
dose- and time related, was evident already after 4 h
from the beginning of the treatment with HgCl2 at all
the concentrations tested, but it was signiﬁcantly
marked in the case of the 50 mm HgCl2 treatment; in this
case, in fact, the inhibition of Gpx activity reached the
40% of the value of untreated controls. The mercuric salt
directly aﬀected the Gpx activity, since the binding of
Hg2+ with the GSH (substrate) added in the assay media
did not signiﬁcantly modify the results. The analysis of
HgCl2 inﬂuence on MDCK cells Cat activity gave dif-
ferent results. Fig. 5(b) shows that when MDCK cells
were exposed to HgCl2 concentrations up to 10 mm,
neither dose- nor time-dependent modiﬁcation of Cat
activity was detected, whereas at higher concentrations
the mercuric salt inhibited the enzyme activity from
20% (30 mm HgCl2) to 70% (50 mm HgCl2), in respect to
untreated controls.
3.4. Inﬂuence of HgCl2 on MDCK junctional coupling
MDCK cells are well-diﬀerentiated tubular-derived
epithelial cells, endowed with a basal relatively low
communication capacity and, as previously reported,
they are very sensitive to the eﬀect of renal toxicants. To
avoid non-speciﬁc eﬀects on the cell dye-transfer capa-
city, chemicals to be tested must be added to cell cultures
at non-cytotoxic concentrations (i.e. at concentrations
that do not signiﬁcantly impair cell growth rate). HgCl2
was then examined for its capacity to interfere with
MDCK cells GJIC. MDCK monolayers, cultured at the
same density conditions used for all the experimental
procedures described above, were exposed for 4 h to the
presence of increasing concentrations of HgCl2 (0.1–50
mm). These treatment conditions were not cytotoxic and
they did not signiﬁcantly modify cell density (cell den-
sity, by itself, inﬂuences the basal level of GJIC). In
Table 1, our results show that at 4 h of treatment with
0.1–10 mm HgCl2 (proved to be non-cytotoxic up to 72 h
of treatment) signiﬁcantly aﬀected MDCK cells junc-
tional coupling (more than 50% inhibition of GJIC in
respect to untreated controls). Tested at 50 mm concentra-
tion, HgCl2 almost completely abolished the dye-transfer
capacity of MDCK cells (about 95% inhibition). At this
last concentration cell density was about 80% that of
untreated cultures.
4. Discussion
Owing to industrialisation and changes occurring in
the environment during the last century, human expo-
sure to mercury (Hg) became ubiquitous and the precise
evaluation of Hg-speciﬁc toxicological risk a problem of
public health policy. All forms of mercury cause toxic
eﬀects in a number of organs and tissues, related to
various factors (chemical Hg forms, level, duration and
route of exposure). Kidney is the primary target of
inorganic Hg toxicity, the tubular epithelium being the
most vulnerable structure of the nephron (Agency for
Fig. 4. Eﬀect of diﬀerent HgCl2 concentrations on the total cellular
glutathione (GSH) content. MDCK cells were exposed to diﬀerent
concentrations of the mercuric salt for 24–72 h. GSH quantity (nmol/
106 cells) is expressed as percentage of that of untreated controls. In
the case of the 50 mm-HgCl2 treatment GSH cell content was under the
limit of detection and, therefore, values are not reported. Data points
represent the meansS.E.M of three diﬀerent experiments where the
GSH determinations were performed in duplicate (n=6).
Fig. 5. Eﬀect of HgCl2 on Gpx (a) and Cat (b) activity. The enzymatic
activities were both measured on MDCK cells exposed to the mercuric
salt (for 4–72 h) and values are expressed as nmol/min/mg of proteins
(a) and as k/mg of proteins (b). Data were normalised as percentage of
the basal activity of untreated cells. For each enzyme, the values
represent the meansS.E.M of three diﬀerent experiments where the
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Toxic Substances and Disease Registry, 1999). During
the past two decades, mercuric chloride (HgCl2) has
been widely used, either in vitro or in vivo, as a model
for investigating the mechanism(s) of Hg-induced
nephrotoxicity. Nevertheless, the results obtained are
still not conclusive, even if ﬁndings from several studies
strongly suggest the induction of oxidative stress as an
important cause of Hg-induced renal cell injury
(reviewed by Zalups, 2000).
In the present study, the tubular-derived MDCK cell
line was tested as a suitable in vitro model for the
mechanistic study of the early nephrotoxic potential of
HgCl2. To this aim, MDCK sensitivity to the mercuric
salt was investigated and the inﬂuence of subcytotoxic
HgCl2 concentrations evaluated either on the cellular
defences against oxidative stress (GSH cell content, Gpx
and Cat activities) or on the GJIC.
In our experimental conditions, cell density assay was
found to be a reliable and sensitive index of HgCl2
toxicity, 10 mm being the highest non-cytotoxic con-
centration of the mercuric salt for the MDCK cell line.
The sensitivity of our model to the mercuric ions was
also conﬁrmed by the IC50 values, which were compar-
able to those obtained with other renal-derived in vitro
models (Aleo et al., 1992).
Concerning the analysis of HgCl2 inﬂuence on the
antioxidant defences of MDCK cells, the quantiﬁcation
of total intracellular GSH, as well as the determination
of the enzymatic activity of Gpx and Cat, provided evi-
dences that conﬁrmed the ability of the metal in predis-
posing cells to oxidative damage.
GSH is the major non-protein thiol, involved in a
number of important physiological processes; it works as
an intracellular redox buﬀer and is responsible of critical
steps in the metabolism and detoxiﬁcation of various
substances, including metallic cations (Ballatori, 1994).
Mercuric ions (Hg2+) usually form 1:2 (Hg2+:S) com-
plexes with thiols (GSH, proteins). This reaction occurs
spontaneously (non-enzymatically) and is reversible,
but, with its equilibrium shifted towards the formation
of the mercury–thiols complexes, they represent the
predominant Hg2+ species (Ballatori, 1994). The high
aﬃnity of mercuric ions for binding to thiols naturally
has suggested that the depletion of intracellular thiols
(especially GSH) may, directly or indirectly, cause tubu-
lar cell damage (Zalups, 2000).
Measured just after the seeding, the intracellular GSH
content of MDCK cells was approximately equal to 20
nmol/106 cells. The biphasic time course of the GSH levels
observed during the logarithmic phase of their growth
could be considered as a consequence of an early redis-
tribution of the ‘‘old’’ tripeptide within the ‘‘new’’MDCK
cell population. When cells started to synthesise the thiol
again, its concentration gradually increased.
Intracellular GSH signiﬁcantly increased when
MDCK cultures were exposed to the presence of HgCl2.
This event, dose and time related, could depend on an
early activation of the GSH synthesis. This may, in fact,
represent the mechanism by which the cells, ‘‘neutralis-
ing’’ the free mercuric ions, are able to reduce their toxic
eﬀect (Miura and Clarkson, 1993; Bohets et al., 1995).
On the other hand, due to the high aﬃnity of Hg2+ for
the thiol, the formation of Hg–GSH complexes could
strongly decrease the intracellular concentration of the
free tripeptide, thus aﬀecting (reducing) the total cell
redox potential (see, for example, Zalups and Lash,
1990; Lash and Zalups, 1992). Our results are very
consistent with this hypothesis and may, in addition, par-
tially explain what was seen in the case of HgCl2-induced
variations of Gpx activity. Theoretically, a decrease in the
activity of antioxidant enzymes would be expected to
enhance the susceptibility of cells to oxidative injury.
We demonstrated that in MDCK cells HgCl2 sig-
niﬁcantly inhibits Gpx and, to a lesser extent, also Cat
activity. This evidence, together with the HgCl2-induced
depletion of intracellular free glutatione, suggests that in
the presence of the mercuric salt, the antioxidant
potential of MDCK is reduced.
Cellular fractionation studies demonstrated that, fol-
lowing acute and chronic in vivo exposure to HgCl2,
mercury gains entry in tubular cells and distributes
throughout all intracellular pools, nuclear and cytosolic
fractions included (Madsen and Hansen, 1980). Even if
the mechanisms involved in the urinary excretion of
mercury are largely unknown, it has been suggested that
a large amount of mercury in the urine probably origi-
nated from cellular stores, also including the possibility
of an active luminal secretion of accumulated mercury
by tubular cells (discussed by Zalups, 2000). This may
explain some of the morphological eﬀects we observed
in HgCl2-exposed MDCK tubular cells.
When tested for their capacity to produce early eﬀects
of MDCK junctional function, subcytotoxic doses of
HgCl2 (0.1, 1.0 and 10 mm) were proved to signiﬁcantly
Table 1
Eﬀect of HgCl2 on MDCK gap-junctional intercellular communi-
cation (GJIC)
Treatment No. of dye-coupled
cells/microinjection
MDCK junctional
coupling (% of
untreated controls)
Untreated control 5.250. 72 (n=60) 10014.0
0.1 mm HgCl2 2.220.33 (n=70) 426.0
1.0 mm HgCl2 2.270.30 (n=103) 437.5
10 mm HgCl2 2.510.37 (n=101) 487.0
50 mm HgCl2 0.290.11 (n=96) 62.0
MDCK cells were exposed for 4 h to increasing HgCl2 concentrations.
Their communication capacity (GJIC) was quantiﬁed by counting the
number of ﬂuorescent cells surrounding the microinjected ones (num-
ber of dye-coupled cells/microinjection). Values represent the mean-
sS.E.M. from a single experiment performed in triplicate.
n=number of independent microinjections.
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aﬀect cell coupling (the residual GJIC capacity was lower
than 50% in respect of controls). Moreover, this eﬀect was
unrelated to the extracellular concentration of the mercu-
ric salt. At 50 mm concentration, the inhibitory eﬀect of
HgCl2 onMDCK cells GJICwas maximal (residual GJIC
capacity lower than 10% in respect of controls). This
suggests that, as observed in the case of HgCl2 inﬂuence
onMDCK cell density and GSH, a sort of threshold eﬀect
should exist also for the HgCl2 eﬀect on MDCK GJIC.
The HgCl2-induced inhibitory eﬀect on MDCK cell cou-
pling should be considered speciﬁc since, in our experi-
mental conditions, it occurs also at very low, non-cytotoxic
HgCl2 concentration (0.1 mm).
The sensitivity of MDCK cell junctional function to
the mercuric salt (in respect of that reported for other
cell types) (see, for example, Loch-Caruso et al., 1991)
may be due to the tubular diﬀerentiated features of this
cell line. As in the case of renal tubular epithelial cells in
vivo (Guo et al., 1998), MDCK cells express, as major
component of their junctional channels, connexin 43 pro-
tein (Berthoud et al., 1992). This consideration is impor-
tant since the GJIC response to chemicals has been proved
to be strictly connexin-speciﬁc (Mazzoleni et al., 1996).
The speciﬁcity of the HgCl2 eﬀect on MDCK junctional
communication observed in this study is, moreover,
supported by the results of Noguchi et al., who demon-
strated that renal-speciﬁc toxicants do alter the GJIC
function of MDCK cells (Noguchi et al., 1998).
Concerning the mechanism responsible for the HgCl2-
induced down-modulation of MDCK junctional per-
meability, the present results seem to suggest that it may
be a consequence of the HgCl2-induced changes in the
antioxidant status of MDCK cells. It is well known how
active oxygen species may (directly or indirectly) ham-
per the cellular capacity to establish functional gap
junctions (Saez et al., 1993).
Taken together, our data indicate that: (i) the MDCK
cell line is a very sensitive in vitro system, suitable for
mechanistic studies on mercury-induced tubular cell
injury; (ii) Hg-induced alterations in the antioxidant cell
defences (GSH cellular content and Gpx activity, in
particular) may really play a pivotal role in the nephro-
toxic potency of the metal; (iii) GJIC is a very sensitive
and speciﬁc functional marker of Hg adverse eﬀect of
MDCK cells.
Further studies are currently being carried out by our
group, in order to better investigate the mechanism(s) of
HgCl2-induced inhibition of MDCK cell GJIC and the
role that the observed alterations in the antioxidant cell
defences may play to this concern.
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